The minimal data set underlying the study is available at Zenodo (DOI: [10.5281/zenodo.2843847](https://doi.org/10.5281/zenodo.2843847)) and is also available within the Supporting Information files.

Introduction {#sec001}
============

The study of kinematics is required given the need to objectify human movement in various fields, including sports management analysis, clinical research, footwear, and orthopedics \[[@pone.0216448.ref001]\], in order to obtain quantifiable data and to compare different subjects or different moments (pre and post treatment, training, etc.).

One of the most rigorous and scientifically validated systems used in kinematic analysis is the three-dimensional (3D) motion analysis laboratory, which provide very accurate data. However, it involves technical difficulties in interpretation and set-up \[[@pone.0216448.ref002]\], and high-cost instrumentation and programs, which can limit its use in research and in clinics \[[@pone.0216448.ref003]\]. New 2D low-cost technologies are nowadays available, some of which may have a precision comparable to leading high-end reference systems \[[@pone.0216448.ref004]\], with a significantly lower cost (approximately £700 -€950 according to Ugbolue et al. \[[@pone.0216448.ref005]\]. Prior to their standardized use to assess human gait (for example), it is important that these tools have proven to be valid and reliable.

One such low-cost technology is Kinovea, a free 2D motion analysis software under GPLv2 license, created in 2009 via the non-profit collaboration of several researchers, athletes, coaches and programmers from all over the world.

It enables the analysis of distances, angles, coordinates and spatial-temporal parameters \[[@pone.0216448.ref006]\] frame by frame from a video recording. These measurements can be made from different perspectives, since the software carries out calibrations in non-perpendicular planes to the camera-object line analyzed.

Kinovea has been used in three main fields: sports \[[@pone.0216448.ref007]--[@pone.0216448.ref018]\], clinical analysis \[[@pone.0216448.ref019]--[@pone.0216448.ref025]\], and as a tool with which to compare the reliability of other new technologies \[[@pone.0216448.ref026]\].

The 2D/3D program AutoCAD-2010 is commonly used in industrial design and architecture, and with scientific rigor in both the biomedical and engineering fields. Several AutoCAD applications have been described as tools for application in clinical and sports sciences \[[@pone.0216448.ref027]--[@pone.0216448.ref030]\] as a tool to measure distances, angles and coordinates.

Kinovea is an easy-to-use, portable and free tool that can be used in real field situations; no previous experience is required to obtain accurate and reliable measurements \[[@pone.0216448.ref006]\]. It has previously been validated as a tool to assess time-related variables \[[@pone.0216448.ref006]\]. Previous studies have inconclusive results: the reliability found ranges from poor to excellent, and the importance of the set-up has been highlighted \[[@pone.0216448.ref007]--[@pone.0216448.ref009], [@pone.0216448.ref031]\]. However, no analysis have been made regarding its reliability and validity in a controlled laboratory set-up and compared to AutoCAD software using a coordinates selection; furthermore, no analysis has been made regarding its reliability in measuring at different perspectives.

The objective of this study is two-fold: 1) to determine the validity of the Kinovea software comparing the coordinates obtained with Kinovea and AutoCAD -as a Gold Standard- in a moving cardboard that replicates a human lower limb during gait, and to determine its intra and inter rater reliability from an orthogonal perspective; 2) to compare its results at 4 different perspectives of 90°, 75°, 60° and 45° and to assess the inter and intra rater reliability at each perspective.

Materials and methods {#sec002}
=====================

A prospective observational study was designed. A laboratory setting was used.

Procedure {#sec003}
---------

The Kinovea version analyzed was 0.8.24. The procedure included seven steps: 1. Design of a geometric figure; 2. Configuration and instrumentation of the recording space; 3. Image capture procedure; 4. Kinovea frame calibration; 5. Images digitization; 6. Export of data to spreadsheet; 7. Data extraction and transformation.

### 1. Design of a geometric figure {#sec004}

The item to be measured using Kinovea was a purposely made geometric figure, designed using the AutoCAD-2010 program. Based on the Helen Hayes protocol \[[@pone.0216448.ref032]\], a lower limb was drawn as a wire structure simulating 5 moments of the human gait cycle, and 25 markers were placed on it at visible bony prominences \[[@pone.0216448.ref033]\]. These markers were numbered to help to establish an order during the analysis process. Four extra markers were drawn at the edges of the geometric template, forming an 800x555 mm rectangle. This rectangle was used as a reference to calibrate the frame with Kinovea.

Markers were drawn as black unfilled circles with a 25 mm outer diameter and a 2 mm inner diameter (i.e., solid white circles) in order to improve the precision of locating geometric centers in Kinovea \[[@pone.0216448.ref004], [@pone.0216448.ref005], [@pone.0216448.ref034]\].

Each one of the 29 points were dimensioned in AutoCAD to obtain their coordinates in the x and y axis ([Fig 1](#pone.0216448.g001){ref-type="fig"}). These coordinates were exported to a spreadsheet and used to create trigonometric formulae that enabled the transformation of coordinates exported from Kinovea into distances and angles.

![Geometric figure: Wire structure simulating lower limb during gait with the coordinates for each marker using AutoCad.](pone.0216448.g001){#pone.0216448.g001}

The geometric figure was then printed on an ISO-DIN-A1 paper using an HP Design jet T120 plotter and stuck to a 10 mm thick cardboard base. To check the accuracy of the printing and to confirm that the printed figure was scaled 1:1, three randomly selected distances (10%) between the markers were verified using a caliper.

### 2. Configuration and instrumentation of the recording space {#sec005}

The geometric figure was hung on a glass surface by means of a Ø115 mm Silverline suction cup, which incorporates a Ø4 mm rotation axis made of AISI-304 material on a self-lubricating nylon base to promote slippage. The geometric figure was recorded using a CASIO Exilim EX-ZR700 high definition video camera with the following setup: resolution: 1280x720 pixels per inch; frequency: 30 Hz; focal length: 52 mm; sensitivity: ISO 400; aperture: 2.7; and shutter time: 1.80. The lens was located at a height of 0.68 m from the ground and 5 m from the center of the recorded figure ([Fig 2](#pone.0216448.g002){ref-type="fig"}).

![Setting: Setting used to record in the 4 perspectives.](pone.0216448.g002){#pone.0216448.g002}

In order to precisely place the instrumentation, distances were measured with a BOSCH PR 15 laser distance measurer. The camera was placed perpendicular (90 degree) to the ground using a 40 cm magnetic bubble level (STANLEY ANTICHOC). Capture area illumination was achieved with two JVC Prime DC / 12V non-flickering LED lights.

The total recording area was 2.52x2.30 m (2520.35x2301.22 mm). Recordings were carried out from 4 different perspectives between the geometric figure and the camera: orthogonal (90°), 75°, 60°, and 45°; the same set-up was used for each of the four perspectives ([Fig 2](#pone.0216448.g002){ref-type="fig"}).

### 3. Image capture procedure {#sec006}

The figure was pulled to one side by one researcher, the recording started, and the figure was released, causing a pendular movement ([Fig 3](#pone.0216448.g003){ref-type="fig"}). After a few seconds, when the figure had ceased moving, recording was stopped. This procedure was repeated for each of the four perspectives. One frame of the video files obtained from each perspective was randomly selected and analyzed using Kinovea, totaling 4 frames analyzed.

![Setting and recording: Laboratory setting where the cardboard was recorded during the pendular movement.](pone.0216448.g003){#pone.0216448.g003}

### 4. Kinovea frame calibration {#sec007}

Each frame was analyzed twice by each of three observers. Three computers with the Kinovea program installed were used, including one desktop computer with a screen resolution and size of 1440x900 pixels and 48.37 cm (19.04 inches), respectively, and two notebooks with a screen resolution and size of 1366x768 pixels and 46.19 cm (18.18 inches), respectively. The entire image calibration and digitization process were completed using Logitech M305 wireless mouse.

The four selected frames were calibrated based on perspective via the \<\<perspective grid\>\> command, setting the corners of the grid at reference markers 1--4.

To improve the accuracy of grid placement, a 600% zoom was carried out and the grid ends placed on the geometric center of the markers via the \<\<scroll\>\> command.

Finally, the geometric reference system was calibrated based on the known dimensions between points 1, 2, 3 and 4 via the \<\<calibration\>\> command.

### 5. Image digitization {#sec008}

For each one of the four frames, the twenty-nine points were digitized in their x and y coordinates on the geometric figure via the \<\<markers\>\> command. To improve digitization accuracy, the points were re-centered on the geometric center of the markers via the \<\<move\>\> command at an increased zoom (600%), with the coordinates of each point then displayed via the \<\<display coordinates\>\> command ([Fig 4](#pone.0216448.g004){ref-type="fig"}). The entire analysis procedure in Kinovea was carried out in each of the four perspectives (90°, 75°, 60°, and 45°) by the three observers. Each observer performed their analysis independently in different computers, time, and places, and they were blinded to one another's results. Two trials or attempts were conducted on non-consecutive days by each observer, resulting in a total of 24 frames being analyzed (696 points digitized).

![Kinovea coordinates: Coordinates were digitized in x-y axis using the Kinovea program.](pone.0216448.g004){#pone.0216448.g004}

### 6. Export data to spreadsheet {#sec009}

Once the points had been placed and their coordinates displayed, they were exported using the command \<\<Export to spreadsheet\>\>.

### 7. Data extraction and transformation {#sec010}

The exported data were pasted into a spreadsheet containing trigonometric formulae that enabled the calculation of 20 angles and 20 distances between the points, based on their x-y coordinates.

Statistical analysis was performed using Microsoft Excel-2007 and PASW Statistics 18.0.

Data sampling and analysis {#sec011}
--------------------------

The Shapiro-Wilks test was administered to determine data normality. The heteroscedasticity of the variables was calculated using Pearson\'s correlations between the average of the two trials and the absolute difference between the two trials. Heteroscedasticity test failed when positive and significant is found, that is, when higher values presented more variability than the lower values \[[@pone.0216448.ref035]\]. When normality and / or heteroscedasticity were not fulfilled, transformations were applied.

In order to evaluate the reliability and validity of the use of Kinovea from each of the four perspectives, and following the proposal made by several earlier authors \[[@pone.0216448.ref036]--[@pone.0216448.ref041]\], a multiple approach was applied involving tests of systematic error as well as relative and absolute reliability.

Systematic error (SE) between the two attempts and the four different perspectives was calculated for each observer via a two-way ANOVA \[2 (Trial) x 4 (Perspective)\]. When the assumption of sphericity was not fulfilled, the Greenhouse-Geisser correction was applied. In the event of a significant effect, post-hoc analysis was carried out with the Bonferroni correction. A low SE and good reliability can be inferred when there are no significant differences between attempts and/or planes.

Relative reliability reports consistency when making several attempts. Here relative reliability was assessed via the Intraclass Correlation Index (ICC) and the Coefficient of Variance (CV). The CV was calculated by dividing the Standard Deviation (SD) by the mean (M) and expressed as a percentage (%), with a good relative reliability defined by low CV values (close to 0) and high ICC values (≥0.80). The range of values within the specific probability including \"true\" reliability was calculated using the 95% Confidence Interval (CI) of CV and ICC.

Absolute reliability was examined using the Standard Error of Measurement (SEM), which expresses the variation between attempts, and the Minimum Detectable Change (MDC), which expresses the minimum change that must occur to be considered as a true change. The MDC percentage (MDC%) was also calculated to facilitate comparison between measurements.

Finally, data validity was tested using different Pearson correlations between the values of the coordinates obtained in the Kinovea software and the coordinates obtained by AutoCAD (gold standard).

Results {#sec012}
=======

Data analysis {#sec013}
-------------

Error of the measure is considered as the difference between the coordinates measured with Kinovea and with AutoCAD (Gold Standard). [Table 1](#pone.0216448.t001){ref-type="table"} displays error, including mean and standard deviation for each observer, trial and perspective. Data on both axes (transformed when necessary) showed a normal distribution. Low levels of heteroscedasticity are consequence of the low correlation between the average of the two trials, and the absolute value of the difference between the trials ([Table 2](#pone.0216448.t002){ref-type="table"}). Only the coordinates in x-axis from Observer 1 in the 45° perspective failed to pass heteroscedasticity test.

10.1371/journal.pone.0216448.t001

###### Errors.

Mean and SD of the absolute value of the difference between the coordinates measurement and the actual coordinates.

![](pone.0216448.t001){#pone.0216448.t001g}

                              Trial1 error(mm)   Trial2 error(mm)          
  --------------------------- ------------------ ------------------ ------ ------
  **Coordinates in x-axis**                                                
  *Observer1*                                                              
  45°                         6.03               3.22               6.73   3.55
  60°                         2.67               1.36               3.17   1.55
  75°                         3.85               1.80               3.73   1.75
  90°                         2.41               1.34               1.32   1.01
  *Observer2*                                                              
  45°                         5.65               3.02               5.73   3.16
  60°                         2.28               1.37               2.02   1.19
  75°                         3.06               1.53               2.98   1.57
  90°                         1.46               1.04               1.58   1.13
  *Observer3*                                                              
  45°                         7.07               3.71               0.98   1.10
  60°                         2.41               1.34               2.75   1.21
  75°                         3.66               1.94               3.26   1.73
  90°                         0.79               0.92               0.98   1.10
  **Coordinates in y-axis**                                                
  *Observer1*                                                              
  45°                         1.03               0.74               0.95   0.78
  60°                         1.34               0.91               1.50   0.86
  75°                         0.58               0.78               0.75   0.67
  90°                         1.04               0.83               1.02   1.09
  *Observer2*                                                              
  45°                         1.13               0.66               1.01   0.64
  60°                         1.13               0.63               1.17   0.71
  75°                         0.51               0.65               0.51   0.67
  90°                         0.77               0.71               0.55   0.49
  *Observer3*                                                              
  45°                         0.85               0.64               0.82   0.61
  60°                         1.04               0.83               1.33   0.84
  75°                         0.63               0.70               0.54   0.53
  90°                         0.61               0.44               0.82   0.61

10.1371/journal.pone.0216448.t002

###### Mean (M) and standard deviation (SD) of the measured coordinates calculated for each perspective, and the absolute differences between the two trials.

![](pone.0216448.t002){#pone.0216448.t002g}

                                                                              Trial 1 (mm)   Trial 2 (mm)   \| Diff Trial 1-Trial 2 (mm) \|                                   
  --------------------------- ----------------------------------------------- -------------- -------------- --------------------------------- -------- ------ ------ -------- -------
                              **Coordinates in x-axis**                                                                                                                       
  *Observer 1*                                                                                                                                                                
                              45 deg                                          373.07         252.74         372.03                            252.40   1.17   0.63   0.360    0.029
                              60 deg                                          376.36         252.20         376.08                            246.83   0.96   0.60   -0.046   0.407
                              75 deg                                          375.12         252.27         375.28                            251.71   0.66   0.56   -0.456   0.006
                              90 deg                                          376.61         251.82         379.83                            251.59   3.30   1.77   -0.169   0.191
  *Observer 2*                                                                                                                                                                
                              45 deg                                          373.57         252.72         373.20                            252.46   0.53   0.50   0.260    0.086
                              60 deg                                          376.85         252.27         377.27                            252.21   0.55   0.42   0.288    0.065
                              75 deg                                          376.01         252.20         376.04                            252.11   0.37   0.30   -0.040   0.419
                              90 deg                                          380.00         251.67         380.22                            251.46   0.50   0.32   -0.191   0.160
  *Observer 3*                                                                                                                                                                
                              45 deg                                          371.77         252.91         379.52                            251.49   7.79   4.10   -0.357   0.029
                              60 deg                                          376.61         251.82         376.21                            252.19   0.77   0.88   0.186    0.166
                              75 deg                                          375.25         252.07         375.80                            252.17   0.60   0.38   0.171    0.187
                              90 deg                                          379.35         251.52         379.52                            251.49   0.63   0.44   0.154    0.212
  **Coordinates in y-axis**                                                                                                                                                   
  *Observer 1*                                                                                                                                                                
                              45 deg [^a^](#t002fn002){ref-type="table-fn"}   226.53         187.73         227.03                            187.26   0.95   0.78   -0.041   0.416
                              60 deg [^a^](#t002fn002){ref-type="table-fn"}   228.33         187.58         228.47                            183.41   0.81   0.60   -0.059   0.380
                              75 deg [^a^](#t002fn002){ref-type="table-fn"}   227.30         187.40         227.62                            188.00   0.85   0.68   0.121    0.266
                              90 deg [^a^](#t002fn002){ref-type="table-fn"}   228.15         187.58         228.00                            187.18   0.81   0.65   0.089    0.323
  *Observer 2*                                                                                                                                                                
                              45 deg [^a^](#t002fn002){ref-type="table-fn"}   226.34         186.79         226.49                            187.74   0.51   0.35   0.121    0.266
                              60 deg [^a^](#t002fn002){ref-type="table-fn"}   228.20         185.99         228.21                            187.74   0.41   0.32   -0.238   0.107
                              75 deg [^a^](#t002fn002){ref-type="table-fn"}   227.59         185.54         227.56                            187.56   0.34   0.21   0.121    0.265
                              90 deg [^a^](#t002fn002){ref-type="table-fn"}   227.63         187.54         227.19                            187.90   0.83   0.48   -0.386   0.019
  *Observer 3*                                                                                                                                                                
                              45 deg [^a^](#t002fn002){ref-type="table-fn"}   226.59         187.78         227.84                            187.45   1.28   0.90   -0.253   0.093
                              60 deg [^a^](#t002fn002){ref-type="table-fn"}   228.15         187.58         228.44                            187.39   0.64   0.56   -0.544   0.001
                              75 deg [^a^](#t002fn002){ref-type="table-fn"}   226.98         187.28         227.10                            187.50   0.40   0.38   -0.083   0.335
                              90 deg [^a^](#t002fn002){ref-type="table-fn"}   227.48         187.79         227.84                            187.49   0.77   0.50   0.016    0.468

Heteroscedasticity assessment is presented as the correlation between the mean of the two trials and their absolute difference.

^a^ data square-root transformed to assess correlation after normality test failure

The systematic error (SE) produced by the different observers was evaluated via ANOVA \[2 (Trial) x 4 (Perspective)\]. On the x-axis, an interaction (Trial x Perspective) was observed for observers 2 and 3, with a main effect on Trial for observer 3 ([Table 3](#pone.0216448.t003){ref-type="table"}). Post-hoc analyses showed that the coordinates recorded from a 45° perspective differed between attempts for all observers.

10.1371/journal.pone.0216448.t003

###### Two-way ANOVA RM comparing trials and perspectives conducted by the same observer.

![](pone.0216448.t003){#pone.0216448.t003g}

                                                                              F        df      p       η^2^p   Power   Post-hoc
  ----------------------------------------------------- --------------------- -------- ------- ------- ------- ------- ------------------------------
  **Coordinates in x-axis**                                                                                            
  *Observer 1* [^a^](#t003fn001){ref-type="table-fn"}                                                                  
                                                        Trial x Perspective   0.557    3.112   0.645   0.015   0.16    \-
                                                        Perspective           0.444    3.112   0.722   0.012   0.14    \-
                                                        Trial                 0.035    1.112   0.852   0.000   0.06    \-
  *Observer 2*                                                                                                         
                                                        Trial x Perspective   9.474    3.112   0.001   0.202   1.00    45°: T1 \>T2; 60°: T1 \< T2
                                                        Perspective           0.004    3.112   1.000   0.000   0.05    \-
                                                        Trial                 0.925    1.112   0.338   0.008   0.16    \-
  *Observer 3*                                                                                                         
                                                        Trial x Perspective   87.859   3.112   0.001   0.702   1.00    45°: T1 \< T2
                                                        Perspective           0.002    3.112   1.000   0.000   0.05    \-
                                                        Trial                 97.290   1.112   0.001   0.465   1.00    T1 \< T2
  **Coordinates in y-axis**                                                                                            
  *Observer 1*                                                                                                         
                                                        Trial x Perspective   1.996    3.112   0.119   0.051   0.50    \-
                                                        Perspective           0.000    3.112   1.000   0.000   0.05    \-
                                                        Trial                 4.407    1.112   0.038   0.038   0.55    T1 \< T2
  *Observer 2*                                                                                                         
                                                        Trial x Perspective   4.788    3.112   0.004   0.114   0.89    90°: T1 \> T2
                                                        Perspective           0.000    3.112   1.000   0.000   0.05    \-
                                                        Trial                 1.788    1.112   0.184   0.016   0.26    \-
  *Observer 3*                                                                                                         
                                                        Trial x Perspective   11.861   3.112   0.001   0.241   1.00    45°: T1 \< T2; 90°: T1 \< T2
                                                        Perspective           0.000    3.112   1.000   0.000   0.05    \-
                                                        Trial                 46.680   1.112   0.001   0.294   1.00    T1 \< T2

^a^ Data transformed using natural logarithm to conduct ANOVA because heteroscedasticity test failed.

Intra-rater analysis revealed significant differences between the two trials conducted by observer 2 from a 60° perspective. The main effect found on Trial for observer 3 indicated differences between the attempts.

On the y-axis, an interaction (Trial x Perspective) was recorded in the trials conducted by observers 2 and 3, and a main effect on Trial for observers 1 and 3. Post-hoc analyses revealed significant differences between trials for observers 2 and 3 from a 90° perspective, but only for observer 3 from a 45° perspective.

The trials conducted by observers 1 and 3 were overall significantly different, with the sizes of the effect of the different interactions and the simple effects moderate or large ([Table 3](#pone.0216448.t003){ref-type="table"}).

The relative reliability (ICC and CV) and absolute reliability (SEM and MDC) values are displayed in [Table 4](#pone.0216448.t004){ref-type="table"}. The trials conducted from all perspectives by all observers presented very high values of ICC, indicating the reliability of the different observers. The ICC confidence interval (95%) values between 0.99 and 1 also provided greater data robustness.

10.1371/journal.pone.0216448.t004

###### Inter-trial reliability of the three observers for each perspective.

![](pone.0216448.t004){#pone.0216448.t004g}

                                                                              Mean(mm)   SD(mm)   Typical Error (mm)   ICC (95%CI)         SEM    CV (95% CI)                    MDC    MDC (%)
  --------------------------- ----------------------------------------------- ---------- -------- -------------------- ------------------- ------ ------------------------------ ------ ---------
  **Coordinates in x-axis**                                                                                                                                                             
  *Observer 1*                                                                                                                                                                          
                              45 deg [^a^](#t004fn001){ref-type="table-fn"}   372.55     250.34   0.82                 0.99 (0.99--1.00)   0.07   10.34 (10.05--10.65)           0.19   0.03
                              60 deg                                          376.22     250.26   0.68                 1.00 (1.00--1.00)   0.00   -6.21 (-6.46 - (-5.97)         0.00   0.00
                              75 deg                                          375.19     249.77   0.47                 1.00 (1.00--1.00)   0.00   NaN                            0.00   0.00
                              90 deg                                          378.22     249.5    2.36                 1.00 (1.00--1.00)   0.00   -0.04 (-0.89 - (-0.82)         0.00   0.00
  *Observer 2*                                                                                                                                                                          
                              45 deg                                          373.39     250.36   0.37                 1.00 (1.00--1.00)   0.00   3.95 (3.81--4.08)              0.00   0.00
                              60 deg                                          377.06     250.02   0.39                 1.00 (1.00--1.00)   0.00   5.84 (5.70--5.99)              0.00   0.00
                              75 deg                                          376.02     249.93   0.26                 1.00 (1.00--1.00)   0.00   13.23 (13.14--13.32)           0.00   0.00
                              90 deg                                          380.16     249.35   0.35                 1.00 (1.00--1.00)   0.00   NaN                            0.00   0.00
  *Observer 3*                                                                                                                                                                          
                              45 deg                                          375.64     250.01   5.51                 1.00 (1.00--1.00)   0.00   -15.68 (-17.68 - (-13.67)      0.00   0.00
                              60 deg                                          376.41     249.79   0.54                 1.00 (1.00--1.00)   0.00   -15.11 (-15.30 - (-14.91)      0.00   0.00
                              75 deg                                          375.53     249.90   0.42                 1.00 (1.00--1.00)   0.00   5.42 (5.27--5.58)              0.00   0.00
                              90 deg                                          379.43     249.29   0.45                 1.00 (1.00--1.00)   0.00   -8.25 (-8.41 - (-8.09)         0.00   0.00
  **Coordinates in y-axis**                                                                                                                                                             
  *Observer 1*                                                                                                                                                                          
                              45 deg                                          226.78     185.84   0.67                 1.00 (1.00--1.00)   0.00   7.57 (7.33--7.82)              0.00   0.00
                              60 deg                                          228.40     185,72   0,57                 1.00 (1.00--1.00)   0,00   -160.18 (-160.39 - (-159.98)   0,00   0,00
                              75 deg                                          227,46     186,05   0,60                 1.00 (1.00--1.00)   0,00   -149.87 (-150.09 - (-149.65)   0,00   0,00
                              90 deg                                          228,08     185,73   0,57                 1.00 (1.00--1.00)   0,00   -0.40 (-0.60 - (-0.19))        0,00   0,00
  *Observer 2*                                                                                                                                                                          
                              45 deg                                          226.41     186.11   0.36                 1.00 (1.00--1.00)   0.00   138.83 (130.70--138.96)        0.00   0.00
                              60 deg                                          228.20     185.99   0.28                 1.00 (1.00--1.00)   0.00   -47.50 (-47.61 - (-47.40)      0.00   0.00
                              75 deg                                          227.58     185.89   0.24                 1.00 (1.00--1.00)   0.00   2.28 (2.19--2.37)              0.00   0.00
                              90 deg                                          227.41     186.06   0.59                 1.00 (1.00--1.00)   0.00   NaN                            0.00   0.00
  *Observer 3*                                                                                                                                                                          
                              45 deg                                          227.21     185.98   0.91                 1.00 (1.00--1.00)   0.00   8.64 (8.63--8.97)              0.00   0.00
                              60 deg                                          228.29     185.83   0.54                 1.00 (1.00--1.00)   0.00   -0.10 (-0.26--0.07)            0.00   0.00
                              75 deg                                          227.04     185.74   0.28                 1.00 (1.00--1.00)   0.00   2.75 (2.65--2.85)              0.00   0.00
                              90 deg                                          227.67     185.98   0.54                 1.00 (1.00--1.00)   0.00   2.90 (2.70--3.09)              0.00   0.00

^a^ Data transformed using natural logarithm to conduct ICC, SEM, MDC, and MDC (%) because heteroscedasticity test failed.

Standardization of errors based on CV (%) revealed considerable dispersion of values, especially on the y-axis. The differences found between trials when digitizing the same marker affected the CV mean for the same perspective. Values of absolute reliability (SEM and MDC) were low, equal or very close to 0 ([Table 4](#pone.0216448.t004){ref-type="table"}), which indicates low error for the different perspectives and observers.

In terms of data validity, Pearson coefficient values were very high regarding the correlation between the observations and the actual data ([Table 5](#pone.0216448.t005){ref-type="table"}). The smallest typical error of the estimate (TEE) was always found for trials conducted from a 90° perspective, while the highest overall value was recorded from a 45° perspective. Nevertheless, the low TEE values demonstrate the overall validity of the data obtained using Kinovea.

10.1371/journal.pone.0216448.t005

###### Correlation values among perspectives for each observer and for all observers pooled.

![](pone.0216448.t005){#pone.0216448.t005g}

                               Observer 1   Observer 2   Observer 3   Observers pooled                                                         
  ---------------------------- ------------ ------------ ------------ ------------------ ------- ------- ------ ------- ------- ------ ------- -------
  **Coordinates in x-axis**                                                                                                                    
  45 deg vs Real coordinates   1.00         0.001        3.671        1.00               0.001   3.595   1.00   0.001   1.979   1.00   0.001   3.043
  60 deg vs Real coordinates   1.00         0.001        1.637        1.00               0.001   1.751   1.00   0.001   1.608   1.00   0.001   1.626
  75 deg vs Real coordinates   1.00         0.001        2.25         1.00               0.001   2.020   1.00   0.001   2.242   1.00   0.001   2.157
  90 deg vs Real coordinates   1.00         0.001        1.182        1.00               0.001   1.145   1.00   0.001   1.083   1.00   0.001   1.042
  **Coordinates in y-axis**                                                                                                                    
  45 deg vs Real coordinates   1.00         0.001        1.026        1.00               0.001   0.998   1.00   0.001   0.697   1.00   0.001   0.847
  60 deg vs Real coordinates   1.00         0.001        0.948        1.00               0.001   0.778   1.00   0.001   0.764   1.00   0.001   0.741
  75 deg vs Real coordinates   1.00         0.001        0.777        1.00               0.001   0.675   1.00   0.001   0.749   1.00   0.001   0.664
  90 deg vs Real coordinates   1.00         0.001        0.873        1.00               0.001   0.736   1.00   0.001   0.576   1.00   0.001   0.585

TEE: typical error of the estimate

Data interpretation {#sec014}
-------------------

The results of the reliability tests (SEM, MDC, ICC, and CV) support the precision of the protocol. SE values were small for both attempts and perspectives.

The validity assessment was then repeated, producing a result of ICC = 1. One reason for this is that SEM and MDC were calculated from ICC; these two measures are thus linked, which provides great reliability when expressed to two decimal places.

Data validity can be considered acceptable for all planes (perspectives), with a correlation value of 1 (ICC = 1) obtained for all three observers.

The digitized values of the 29 x-axis coordinates were used to calculate an average of the set of values obtained by means of ANOVA. Slight numerical differences in the values of the paired trials were detected, as well as in the mixture or combination of the attempts made from different perspectives by observer 1. However, no significant differences were recorded in TEE values.

In summary, the obtained statistics show that the numerical difference between attempts one and two were mathematically very small.

Discussion {#sec015}
==========

As previously stated in the literature review, Kinovea is widely used for human motion analysis in both sports and clinical sciences. Furthermore, it has also been validated as a time measurement tool \[[@pone.0216448.ref006]\], and as such is used as a reference method with which to compare new technologies based on temporal space analysis. However, to the best of this author's knowledge, the present study is the first to assess the reliability and validity of Kinovea in measuring distances and angles from different perspectives based on a coordinate system.

Although there are other video graphic analysis programs available, such as Dartfish, which has been used previously for scientific research \[[@pone.0216448.ref042], [@pone.0216448.ref043]\], the latter does not allow the correction of perspective and cannot be considered a 'low cost' tool, since it is not free as Kinovea is.

The present study has also paid special attention to the data digitization protocol employed, which must be controlled so as to avoid potential biases when taking repeated measurements. We propose the use of black circular markers with a smaller white circle in the center, in an attempt to increase the repeatability of this step, as well as a 600% zoom view to set the marker centers.

To assess the validity and reliability of Kinovea, an 800x555 mm geometric figure was constructed, with 29 points simulating a lower limb in different positions of the gait cycle. The figure was suspended and pushed to create a pendular movement, which was recorded with a video camera located at a distance of 5 m and using a 2.52x2.30 m recording area. Four frames were selected, one from each perspective, and digitized in Kinovea. Three observers each made two attempts to digitize the images into coordinates; these coordinates were then exported to a spreadsheet to be transformed into angles and distances.

The reliability of Kinovea coordinate digitization has been assessed previously by other authors. The inter and intra-observer reliability found in the present study is slightly higher than that reported elsewhere, including the ICC value of \>0.79 reported in \[[@pone.0216448.ref007]\], the ICC value of 0.997 obtained in \[[@pone.0216448.ref006]\], and the Kappa index value \>0.80 reported in \[[@pone.0216448.ref009]\]. Furthermore, the Pearson correlation coefficients obtained in the present study indicate very high correlation between data.

The results show that Kinovea is reliable when measuring in the perspective range from 90° to 45° and at a 5 m distance from the registered object. However, the differences found between the four tested perspectives suggest that Kinovea is best employed at 90° rather than 45°.

Nevertheless, according to the reliability tests performed in this study (SEM, MDC, ICC and CV), Kinovea can be considered reliable when employed at any of the four perspectives analyzed. In addition, SE values were small for both attempts and perspectives.

The validity tests confirmed that the obtained results are acceptable for all perspectives, with a correlation value of 1 (ICC = 1) recorded for all three observers. One possible explanation for this is that SEM and MDC were calculated from ICC; these measures are thus linked, which provides great reliability at two decimal places.

In fact, the measurement accuracy typically required from a clinical or sports science point of view is not as high as that reported in this paper; whereas all measurements were here made at the millimeter scale, in clinical practice an accuracy down to the centimeter may be assumed \[[@pone.0216448.ref005]\].

However, some limitations should be pointed. To the author's knowledge, this is the first study to compare 4 different perspectives; although it is a positive point, a laboratory setting was prepared, using a 2D printed cardboard and not a real subject.

Future research should involve an assessment of the reliability and validity of Kinovea as a 2D tool for real gait analysis, the use of a 3D system as a gold standard, as well as the development of a standard 2D laboratory set-up for clinical and sports science research.

Conclusions {#sec016}
===========

The results of this study suggest that Kinovea is a valid, precise and reliable (both inter- and intra-rater) program with which to obtain angles and distance data from coordinates. These data can be obtained valid and reliably in different perspectives, from 90 to 45 degree. However, an orthogonal perspective (90 degree) is recommended. Biomechanical measurements can be obtained under rigorous digitization, suitable for use in the scientific, clinical and sporting fields.

Kinovea is a free, reliable tool that produces valid data, providing an acceptable level of accuracy in angular and linear measurements obtained via digitization of x- and y-axis coordinates.

Supporting information {#sec017}
======================

###### Minimum data set.

Data set used to perform the statistical analysis, and results.

(XLSX)

###### 

Click here for additional data file.

###### Short video in which the \"Methods\" section proceeding is summarized: Design, capture and record moving images, calibration, scanning, and data extraction and processing (also available through the following link: <https://drive.google.com/open?id=0BzhpXyL0tZoCMmdMWVloVGxGM2c>).

(MP4)

###### 

Click here for additional data file.
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